We report experimental results for electron scattering from perfluorocyclobutane, c-C 4 F 8 , obtained from measurements in our two laboratories. A set of differential, integral, and momentum transfer cross sections is provided for elastic scattering for incident electron energies from 1.5 to 100 eV. Inelastic scattering ͑vibrational excitation͒ cross sections have been measured for incident electron energies of 1.5, 2, 5, 6, and 7 eV. In order to investigate the role of intermediate negative ions ͑resonances͒ in the scattering process we have also measured an excitation function for elastic scattering and vibrational excitation of the ground electronic state of C 4 F 8 for incident energies between 0.6 and 20 eV. These results are compared with the limited amount of data available in the literature for scattering from this molecule.
I. INTRODUCTION
Perfluorocyclobutane (c-C 4 F 8 ) is a very common processing gas in the plasma etching of silicon dioxide, which is an important step in the manufacture of semiconductor microelectronics. A particular advantage of this gas is the good selectivity it offers in the etching of silicon dioxide over silicon. 1 However, little is known of the magnitude of the electron scattering and excitation processes for this gas. In addition, because of its extensive use in plasma etching, c-C 4 F 8 is of environmental interest because it is a global warming gas. 2 In order to understand the complex chemical processes in the upper atmosphere, and the role that electron driven processes may play in determining the global warming capacity of C 4 F 8 , an understanding of the cross sections for low-energy electron collision processes is important. 3 Despite the need for fundamental scattering information, there have been just a few experimental and theoretical studies regarding electron impact cross sections for scattering from c-C 4 F 8 .
Some years ago Ishii et al. 4 measured electron transmission spectra of c-C 4 F 8 and noticed a resonant feature just above zero electron energy. This is broadly consistent with the positive electron affinity of 0.63 eV measured in an electron attachment experiment by Miller et al. 5 Ishii et al. also measured the energies of the low-lying * resonances in other normal and cyclic perfluoroalkanes and calculated negative ion energies in both the alkanes and their perfluro derivatives. Amongst other things, they concluded that the negative ion energies of the perfluoro-n-alkanes decreased markedly as the size of the molecule increased and that the ground state anions of the cyclic perfluoroalkanes are more stable than that of the corresponding normal perfluoroalkanes. Total cross sections for c-C 4 F 8 have been measured recently by Sanabia et al., 6 in the low-energy ͑1-20 eV͒ range, and by Nishimura et al. 7 at energies from 2 to 3000 eV. Sanabia et al. suggested the existence of RamsauerTownsend minimum at an energy near 3.5 eV.
There have been several measurements of the electron attachment cross section for c-C 4 F 8 ͑Kurepa et al., 8 Spyrou et al., 9 Chutjian et al., 10 and Novak et al. 11 ͒. All of these measurements indicated that there are two primary attachment mechanisms. At energies above 1 eV, the dominant process is dissociative attachment forming F Ϫ , and at lower energies, the parent negative ion C 4 F 8 Ϫ is formed. Swarm parameters such as electron drift velocity, ionization, and attachment coefficients were measured by Novak et al., 11 Naidu et al., 12 and Yamaji et al. 13 There have been two measurements of partial ionization cross section performed by Toyoda et al. 14 and Jiao et al. 15 and there are substantial differences between these two sets of results, depending on the particular positive ion fragment involved. For all of these processes, recommended cross sections have been proposed in a comprehensive and recent review paper by Christophorou and Olthoff.
3 Also, a cross section ''set'' has been proposed by Font et al. 16 for the simulation of c-C 4 F 8 plasma discharges. They used the theoretical calculations of Winstead and McKoy 17 for the elastic and electronic excitation cross sections, and a vibrational cross section based on the Born approximation. The latter was determined by a Boltzmann analysis to the available swarm-derived transport parameters.
a͒ Author to whom correspondence should be addressed. Electronic mail: stephen.buckman@anu.edu.au The calculation of Winstead and McKoy 17 is the only available theoretical calculation of differential or integral cross sections for low energy electron scattering from c-C 4 F 8 . They used the Schwinger multichannel method ͑SMC͒, within the static exchange approximationpolarization effects were not included. Resonance structures observed in integral cross section were analyzed in terms of temporary electron trapping in virtual valence orbitals. As c-C 4 F 8 possesses a large dipole polarizability ͑Ͼ50 a.u.͒, it may be expected that the noninclusion of polarization effects will have important ramifications for predicting the lowenergy scattering cross sections.
In light of the above it would appear that the available data on electron scattering cross sections from c-C 4 F 8 are still incomplete. In particular, momentum transfer and integral elastic scattering cross sections, as well as differential cross sections for elastic and vibrational excitation are required. The main aim of this work is to provide a complete set of absolute differential, integral, and momentum transfer cross sections for elastic electron scattering and vibrational excitation of the ground electronic state of c-C 4 F 8 . Absolute elastic and vibrational excitation differential cross sections for electron scattering from c-C 4 F 8 were measured at a number of energies between 1.5 and 100 eV for elastic and 1.5 and 7 eV for vibrational excitation and for scattering angles between 20°-130°. Integral and momentum transfer cross sections were derived from differential cross sections by extrapolating results to 0°and 180°, and integrating the resultant cross section.
II. EXPERIMENTAL DETAILS
The experimental work described here was performed in two laboratories: the Australian National University ͑ANU͒ and Sophia University ͑SU͒. A full description of the apparatus used in both laboratories has been given in previous publications, 18 -20 so we will only discuss the relevant aspects important for this work.
The overall operation of the two spectrometers is very similar, with both capable of producing low-energy electron beams with reasonable energy resolution ͑50 meV for the ANU spectrometer and 30 meV for the SU spectrometer͒.
The absolute value of the incident energy was determined through calibration against the positions of well known resonances observed in electron-atom/molecule collision processes. For higher incident electron energies ͑Ͼ10 eV͒ energy calibration was made against the low-lying 1s2s 2 2 S resonance in He, and for low incident electron energies ͑Ͻ10 eV͒ calibration was made against 2 ⌺ g resonance in N 2 Ϫ . In both laboratories, the relative flow technique 21, 22 is the method of choice for putting measured scattering intensities on an absolute scale. The technique involves the measurements of relative electron scattering intensities for the gas under the study (c-C 4 F 8 ) and for a so called standard gas, for which scattering cross sections are well known. In our measurements the standard gas was helium, because it is widely accepted that the elastic differential scattering cross sections for helium are very well known at incident energies below 50 eV. [23] [24] [25] The driving pressures for both gases are determined in such a way that the collisional mean-free-path for both gases is the same. Typical driving pressure used at ANU were 0.25 Torr (c-C 4 F 8 ) and 1 Torr ͑He͒ while at SU the pressures were in the same proportion but approximately five times higher.
Both spectrometers can operate in two different data collection modes. In one, the angular dependence of scattering signal is measured at fixed impact energy and energy loss ͑differential cross section or DCS operational mode͒, while in the other, the energy loss and scattering angle are fixed but the incident energy is varied ͓excitation functions ͑EF͒ operational mode͔. The absolute uncertainties on the measured cross sections are typically less then 10%-15% for elastic scattering and around 15% for vibrational excitation.
III. RESULTS AND DISCUSSION

A. Elastic scattering
Absolute differential cross sections for elastic scattering from c-C 4 F 8 molecules at energies between 1.5 and 100 eV are presented in Table I perimental data from our two spectrometers is very good, while the level of agreement with the theoretical calculation varies markedly with energy, as discussed below.
In Fig. 1 we show the angular differential cross sections ͑DCS͒ at incident energies below 5 eV. It is evident that the shape of the DCS changes significantly for energies between 1.5 and 5 eV. At low energies, 1.5 and 2 eV ͓Figs. 1͑a͒ and 1͑b͒, respectively͔, the cross section decreases in magnitude towards forward angles, has a maximum of ϳ3 ϫ10 Ϫ16 cm 2 /sr at a scattering angle 60°, and a shallow minimum at around 120°. However, by 4 eV ͓Fig. 1͑c͔͒ the DCS has developed a sharper minimum at ϳ80°and the extent of forward scattering has increased. By 5 eV ͓Fig. 1͑d͔͒, the decreasing DCS at forward angles has changed to a rather more forward-peaked shape, consistent with the large dipole polarizability of this molecule, and the minimum in the cross section occurs at about 70°. At all of these energies the agreement between the two measurements is excellent. The same cannot be concluded for the level of agreement with the Schwinger multichannel calculation, which is also illustrated at all of these energies. At low energies ͑1.5 and 2 eV͒ it bears little resemblance to the experimental DCS in either shape or magnitude. However, by 5 eV the agreement in both shape and magnitude has improved considerably with the exception of the forward angle region where the theory still apparently overestimates the DCS. At higher energies ͑Fig. 2͒ the DCS takes on more characteristic features-strong forward scattering is evident and some large angle diffraction effects are observed. Once again we see good agreement between the two experimental results and substantially better agreement between experiment and theory. At 10 and 15 eV ͓Figs. 2͑a͒ and 2͑b͔͒ the theoretical calculation reproduces all of the features of the experimental DCS, including a sharp but shallow minimum at ϳ50°, and is in excellent agreement with the magnitude of the measured cross section. At 30 and 100 eV ͓Figs. 2͑c͒ and 2͑d͔͒ there is also good agreement between the Sophia results and the theory, particularly at forward and backward angles, but some differences in magnitude exist in the midangle region. Unfortunately the experimental results do not extend to angles lower than 20°, where the theoretical DCS is shown to increase enormously, which again is consistent with the large dipole polarizabilty of C 4 F 8 . The differential elastic cross sections have been analyzed using a molecular phase shift approach, 26 in order to extrapolate the DCS to forward and backward angles and facilitate the derivation of elastic integral and momentum transfer cross sections. The cross section values are indicated at the foot of each column in Table I and the integral elastic cross section ͑ICS͒ and elastic momentum transfer cross section ͑MTCS͒ are shown in Figs. 3͑a͒ and 3͑b͒ , respectively. The discrepancy between the experimental results and theoretical calculations at low energies is clearly reflected in the comparison of calculated ICS and MTCS, and values derived from the present DCS measurements. In both cases the theory is considerably larger in magnitude at energies below 10 eV. For the ICS we also compare the present results with the recommended total cross section of Christophorou and Olthoff 3 and note that the latter is larger at all energies than the present cross section, as expected. This is not the case for the theoretical elastic ICS, which is larger in magnitude than the total cross section for energies below 15 eV. As Winstead and McKoy suggested in their paper, this disagreement at low energies is most likely due to the enhancement of low energy s-wave scattering, and upward shift in the resonance energies, which are both artifacts introduced by using the static exchange approximation. In order to investigate the negative ion resonances predicted by the theoretical calculations of Winstead and McKoy in the energy range 0 to 20 eV, measurements of the energy dependence ͑excitation functions or EF͒ of the elastic cross section were performed at three scattering angles 60°, 90°, and 120°. These are shown in Fig. 4 , together with the ANU and SU DCS data at several fixed incident energies and the theoretical calculations. From Fig. 4 we can see that the shape of the excitation functions changes considerably with scattering angle. At a scattering angle of 60°, the EF has a pronounced peak at 2 eV which most likely corresponds to the resonance of symmetry 2 B 2 , predicted by the theory to lie at ϳ3 eV. Another feature is evident at ϳ6 eV and may correspond to an 2 E resonance predicted by the theoretical calculations at an energy of 8.1 eV, respectively. The higher energy reaches of the spectrum are reasonably flat and devoid of structure, although there may be a weak, broad feature centered at around 10 eV. The overall agreement between the theoretical calculations and our experimental results is reasonable if one assumes that the features in the theoretical EF are generally shifted to higher energies. However, as the theoretical calculations were made in the static exchange approximation, with no polarization effects included, resonance positions are shifted in energy by typically 2 to 4 eV.
At a scattering angle of 90°, the shape of the excitation function has changed significantly. At ϳ3 eV a deep minimum is observed, indicating perhaps the dominance of p-wave scattering in the scattering process at this energy. Other possible but very weak and broad resonance structures appear at energies of ϳ5, 11, and 15 eV.
Finally at a scattering angle of 120°, a strong resonant peak at 4 eV is clearly visible. This structure may be allied to those previously confirmed in dissociative attachment experiments ͑see Refs. 13 and 17 for a summary͒ and in the calculations of Winstead et al. 17 The latter indicate that this may be due to a resonance in the 2 A 1 symmetry. At higher energies, 10-20 eV, the excitation function is reasonably flat and featureless at this scattering angle.
B. Vibrational excitation
The vibrational energies of the fundamental modes of perfluorocyclobutane are not well documented. However, as C 4 F 8 has the same symmetry as C 4 H 8 , one might expect the same vibrational modes as in the hydrocarbon analog but with significantly different ͑smaller͒ oscillation frequencies. Of the 25 possible modes of oscillation it would appear that only a few are strongly active in the gas phase. 27 For C 4 F 8 , an energy loss spectrum for electrons of 1.5 eV incident energy, which have been scattered through an angle of 60°is presented in Fig. 5 . Because of limited resolution of the spectrometer ͑50 meV͒ many of the low energy fundamental modes would not be resolved from the elastic peak, and the higher energy modes and their overtones, produce broad peaks at ϳ160 meV and possibly at ϳ350 meV energy loss. The former is most likely due to strong lines, which have been observed in the ir spectrum at ϳ120 and ϳ157 meV. 27 Differential cross sections for vibrational excitation of C 4 F 8 , at an energy loss of 0.16 eV ͑the dominant loss peak͒ and a number of incident energies are given in Table II and two examples, at 2 and 7 eV, are shown in Fig. 6 . There is little variation in the general shape of the DCS for energies between 1.5 and 7 eV with the cross section showing a slight peak at forward angles while remaining relatively flat at larger scattering angles. There are no theoretical calculations with which to compare.
Perhaps of more interest to the present discussion are measurements of the energy dependence of the excitation of this feature at 0.16 eV energy loss as they provide evidence of indirect vibrational excitation of C 4 F 8 through the formation of resonant states. We have performed measurements of the energy dependence of vibrational excitation in the energy range 1.5-20 eV at scattering angles of 60°͑ANU͒ and 50°͑ SU͒ and these are presented in Fig. 7 . A large peak at 7.5 eV is clearly visible in both spectra. The rise of the cross section below 3 eV and the cross section enhancements at 4.9 and 11 eV are most likely attributable to the existence of negative ion states at these energies. The large feature at 7.5 eV could be due to the presence of a number of resonances, including those of 2 E and 2 A 2 symmetry, which are predicted at energies of 10 and 10.6, respectively, in the calculation.
A final point to make with regard to vibrational excitation is that the energy dependence exhibited in the differential cross section in Fig. 7 is substantially different than that used for the model integral vibrational cross section of Font et al. They assumed a Born-dipole-like cross section for a model vibrational mode at an energy loss of 0.12 eV. The cross section that best suited the transport data had a maximum value of 6.7ϫ10
Ϫ16 cm 2 at 0.22 eV, decreasing monotonically to Ϸ0.7ϫ10 Ϫ16 cm 2 at 5 eV. We can only estimate the ICS that would arise from our measurements. However, if one was to assume isotropic scattering at all energies ͑not too wild an assumption͒ then scaling our excitation function as shown in Fig. 7 have a substantially different energy dependence due to the presence of the many negative ion resonances.
IV. CONCLUSIONS
The present paper provides the first comprehensive set of data for elastic scattering and vibrational excitation of c-C 4 F 8 by electron impact. It demonstrates the important role that resonant scattering plays in both the elastic and vibrational cross sections and provides the first real comparison test for a scattering calculation, which has previously been used as the basis for a set of cross sections for this important plasma processing gas. This calculation, which uses the Schwinger variational approach, provides an excellent description of the differential elastic scattering cross sections at energies above about 10 eV. Below this energy, the lack of any treatment of polarization effects in the theory seems to limit the level of agreement with experiment, and the theoretical calculation is seen to significantly overestimate the elastic cross section in this energy region. However, despite this limitation, the calculated cross section also gives a reasonable description of the energy dependence of the elastic cross section and provides a basis on which tentative assignments of resonant structures, observed in both elastic scattering and vibrational excitation, may be made. Hopefully the present absolute cross section measurements, together with similar recent measurements from our laboratories on C 2 F 4 , 28 can provide a basis for the reassessment of the accepted cross section set for c-C 4 F 8 for the modeling of processing plasma discharges.
